The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. To unambiguously distinguish lasing from super luminescence, key elements of lasing such as longitudinal cavity modes with narrow line-width, polarized emission, and elliptically shaped far-field pattern, need to be demonstrated at the same time. Here, we show transverse electric polarized lasing at 280.8 nm and 263.9 nm for AlGaN based multi-quantum-wells and double heterojunction structures fabricated on single crystalline AlN substrates. An elliptically shaped 
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Lasing and longitudinal cavity modes in photo-pumped deep ultraviolet AlGaN heterostructures During the last two decades, AlInGaN-based light emitting diode (LED) and laser diode (LD) technology has rapidly advanced, becoming a cornerstone in a variety of applications ranging from lighting, communications, and spectroscopy to data storage and processing. 1 Despite the progress in deep ultraviolet (UV) LEDs, 2,3 research on deep UV LDs is very limited. 4 This is mainly due to technical and scientific barriers arising from the lack of proper crystalline substrates and the poor understanding of defect control in wide bandgap semiconductors that limits the internal quantum efficiency (IQE) of devices. Because of strong carrier localization, InGaN based multiple quantum well (MQW) structures exhibit a relatively high quantum efficiency even with threading dislocation densities (TDDs) of 1 Â 10 10 cm
À2
. 5 In contrast, optical and electronic properties of AlGaN and its MQW structures deteriorate rapidly at high TDDs, 6 which is typical of conventional III-V compound semiconductors. 7, 8 Since threading dislocations can act as current leakage paths, lateral epitaxial overgrowth techniques or bulk GaN substrates with low TDDs are desired for fabrication of InGaN-based LDs with long lifetimes. 9 In contrast, heteroepitaxial AlN layers grown by metal organic chemical vapor deposition (MOCVD) exhibit high TDDs even with sophisticated growth techniques intended to reduce dislocations. 10 Recently, largearea single crystal AlN substrates with TDDs of $10 3 cm À2 have become available. 11, 12 Using these substrates, homoepitaxial AlN layers grown by MOCVD exhibited excellent optical quality and enabled resolution of a well-defined band edge with fine excitonic structure. 13 In addition, AlGaN and AlGaN heterostructures with uniform Al incorporation were reproducibly grown on these substrates.
For the development of deep UV LDs, it is important to distinguish between superluminescence and lasing in the LD structure. Superluminescence is spontaneous emission amplified by stimulated emission in the gain medium, and can have an abrupt threshold, much like the onset of lasing. 14, 15 To unambiguously distinguish lasing from superluminescence, several key characteristics of lasing need to be simultaneously demonstrated. These characteristics are: longitudinal modes with narrow line width, polarized emission, and an elliptically shaped far-field pattern. In 2004, Takano reported on a threshold of 1.2 MW/cm 2 at 241.5 nm for an optically pumped AlGaN MQW structure grown on a SiC substrate. 16 More recently, a threshold of 126 kW/cm 2 at 267 nm with transverse electric (TE) polarization was reported for LD structures grown on single crystalline AlN substrates. 17 However, the line width of the reported emission spectra was estimated to be wider than 1 nm, which is relatively broad considering the reported cavity lengths. Moreover, the far-field pattern and longitudinal modes with narrow line width were not observed. In this letter, we report on the observation of well-defined longitudinal TE modes having a full-width-at-half-maximum (FWHM) narrower than 0.02 nm. Above the lasing threshold, an elliptically shaped far-field pattern was clearly recorded. The lasing threshold was 84 kW/cm 2 , which makes it suitable for the fabrication of an injection-pumped laser diode.
Two types of AlGaN-based structures, MQWs and a double heterojunction (DH), grown on single-crystal c-plane AlN substrates were used for this study. the MQW structure to study the abruptness of the interfaces and the compositional uniformity of individual layers. We did not observe any Al clustering or compositional fluctuations as reported previously. 18 Details on AlN substrate preparation and MOCVD growth process can be found elsewhere. 19 Laser cavities were obtained by cleaving along the m-facet of the AlN wafer. For the 1.5 mm long cavity, the cleaving was done with full wafer thickness of 550 lm. To obtain $200 lm long cavities, wafers were mechanically thinned down to $150 lm from the backside with an optical finish. A Coherent 193 nm ArF excimer laser with a 5 ns pulse was used as the pumping source and was focused through a cylindrical lens onto the laser bar. Lasing in the structures was realized in an edge-emission configuration. Spectra were collected with a Princeton Instruments Acton SP2750 0.75 m high-resolution spectrograph with three gratings and a PIXIS: 2KBUV cooled charge-coupled device camera. For wavelengths from 250 nm to 290 nm, the spectral resolution was 0.1 nm for the 150 grooves/mm grating and 0.004 nm for the 3600 grooves/mm grating. Alpha-BBO Glan-Laser Polarizers from ThorLabs were used for the polarization dependent spectral measurement.
Figures 1(a) and 1(b) show the room temperature lowresolution PL spectra for the two structures. The light output was plotted as a function of pumping power density in Figures 1(c) and 1(d) . For low pumping power density (P pump ), the PL spectra were dominated by broad spontaneous emission peaks with intensities linearly proportional to the pumping power density [see inset in Figs. 1(c) and 1(d) ]. The FWHM of the spontaneous emission peaks was $4.6 nm at 281.6 nm and $6.5 nm at 264.4 nm, respectively. With increasing pumping power density, sharp peaks started to emerge in both structures and their intensities increased superlinearly. A clear threshold (P th ) was observed at $84 kW/cm 2 for the MQW structure and $90 kW/cm 2 for the DH structure, respectively. At threshold (P pump $ 84 kW/cm 2 ), the MQW structure had a peak centered at 280.8 nm with a FWHM of 0.3 nm. When the pumping power density was further increased, the 280.8 nm peak became slightly broader, and a second peak at 281.8 nm appeared. The reason for this behavior was the excitation of additional longitudinal modes at a higher pumping density, as evidenced in the high-resolution spectra. As shown in Figures 1(b) and 1(d) , the DH structure followed a similar trend. Above the lasing threshold, both structures showed slope efficiency comparable to that of InGaN-based lasers. 20 Figure 2 shows the high-resolution lasing spectra with different integration times for the two structures. Due to the lack of proper laser sources in the deep UV spectral range, excimer lasers are widely used as excitation sources for many optical measurements. However, excimer lasers have poor beam quality and stability. In order to properly measure the threshold power density shown in Figure 1 , long integration times (10 s or more) were needed. For this reason, spectra integrated over 100 pulses [Figures 2(a) and 2(c) ] showed several peaks and longitudinal cavity modes could not be clearly resolved. In contrast, when the spectra were recorded during a single pump-pulse, as shown in Figures 2(b) and  2(d) , many narrow peaks with spacing varying from 0.011 to 0.046 nm were observed. The line width of these narrow peaks was approximately 0.02 nm. Both measurements are consistent with the onset of the longitudinal cavity modes.
In a laser cavity, longitudinal modes are equally spaced. If the cavity length is d, for a given wavelength (k) the distance between two neighboring longitudinal modes and the FWHM of an individual mode, dk, are expressed as
respectively, where n ef f is the corresponding effective refractive index of the waveguide. Therefore, for d ¼ 1.5 mm and n ef f $ 4 (corresponding to Al 0.7 Ga 0.3 N), the separation of two neighboring modes is expected to be well below 0.01 nm for an emission wavelength shorter than 280 nm, which is below the resolution of our experimental setup. However, if some modes are suppressed a larger spacing will result and the remaining modes can be resolved, as shown in Figures 2(c) and 2(d). However, to unambiguously verify the existence of the longitudinal modes, shorter laser cavities are needed. Following this observation, significantly shorter cavities were prepared: 180 lm for the MQW and 200 lm for the DH structure. Figure 3 shows the polarization dependent highresolution lasing spectra for these shorter cavities. The emission peaks of the short cavities were centered at $281.6 nm for the MQW and at $260.5 nm for the DH structures. Welldefined, equally spaced, TE polarized longitudinal modes were clearly observed for both structures. The spacing of the longitudinal modes was 0.059 nm for the MQW and Since the mode separation was well above the spectral resolution, changing the integration time did not have any influence on the spectral shape for these short cavities, which is in contrast to the 1.5 mm long cavity. All modes were TE polarized and no transverse magnetic (TM) polarized longitudinal modes were observed. Such polarization-dependent lasing is consistent with theoretical calculations. 22, 23 For all measurements, the emission below threshold was randomly polarized while the lasing peak was always TE polarized, independent of cavity length.
Lasing is highly directional with divergence determined by the cross-section of the cavity; an elliptical far-field pattern is typically observed for an edge-emitting laser due to diffraction on the rectangular exit facet. Far-field patterns are frequently used to verify the achievement of true lasing. Typical far-field patterns for the MQW structure recorded on a screen at different pumping levels are shown in Figure 4 . The screen was made of printer paper and was placed $1 cm away from the cavity, with the cavity perpendicular to paper plane. When pumped below the threshold, no clear pattern was observed, as spontaneous emission is emitted randomly in all directions. Above the threshold (P pump ¼ 1.06 P th ), an elliptically shaped pattern appeared on the screen, becoming more intense at higher pumping levels. Noticeable light leakage towards the substrate-side suggests lateral confinement of the light by the 500 nm Al 0.7 Ga 0.3 N cladding layer was not ideal.
In summary, we have achieved sub-300 nm lasing in AlGaN-based MQW and DH structures with thresholds as low as 84 kW/cm 2 . Both structures showed TE polarized emission. Sporadic longitudinal modes were observed for 1.5 mm long cavities; however, the spectral resolution of the spectrometer limited the direct observation of individual longitudinal cavity modes. By reducing the cavity length below 200 lm, well-resolved, equally spaced longitudinal modes were observed for both structures, indicating deep UV lasing. The FWHM of an individual longitudinal mode was as narrow as 0.014 nm, as expected from cavity parameters. Our results demonstrate that AlGaN-based sub-300 nm UV lasers with low threshold can be achieved on single crystal AlN substrates. This achievement serves as a starting point towards realizing electrically pumped sub-300 nm UV lasers. FIG. 4 . Far-field patterns for MQW structure pumped below and above the threshold. The laser beam was perpendicular to the screen, which was 1 cm away from the exit facet.
